Organophosphorus Pesticides in Rats: Ai OKAMURA, e t a l . D e p a r t m e n t o f O c c u p a t i o n a l a n d Environmental Health, Nagoya University Graduate School of Medicine-Objectives: Recent reports have shown significant associations between organopshophorus pesticide (OP) exposure and decreased sperm motility in workers and laboratory animals. However, the notion that OPs possess spermatotoxicity has yet to be established. The aim of this study was to clarify the effects of OP exposure on detailed sperm toxicity markers, i.e., motility, morphology and sperm adenine nucleotide contents, and the histopathology of the testis and epididymis. Methods: Ten-week-old Wistar rats were divided into 4 groups (n=10) and orally administered corn oil, dichlorvos (DDVP; 5, 10 mg/kg) or diazinon (DZN; 3 mg/kg) 6 days a week for 9 wk. Sperm motility and morphology markers were analyzed with a computerassisted sperm analysis (CASA) system. Results: In a d d i t i o n t o a s i g n i f i c a n t d e c r e a s e i n acetylcholinesterase (AChE) activities and a significant increase in urinary OP metabolites, DDVP and DZN significantly reduced sperm motility, but they did not influence sperm adenine nucleotide contents. The OPs also significantly increased the percentage of broken sperm, and DDVP significantly increased the percentage of cytoplasmic droplets. Importantly, both OPs significantly increased cytoplasmic vacuolation and nuclear shrinkage in the epithelial cells of the ductus epididymis, whereas the testes did not show significant histopathological changes. Conclusions: The broken sperm and cytoplasmic droplets as well as r e d u c e d s p e r m m o t i l i t y w e r e t h e r e l e v a n t spermatotoxicity makers of DDVP and DZN. To our knowledge, this is the first report to suggest that the above-mentioned OP-induced spermatotoxicity is related to histopathological impairment of the caput epididymis. (J Occup Health 2009; 51: 478-487) 
Organophosphorus pesticides (OPs) are widely used today to protect dwellings and agriculture crops from insects. The mechanism of their action is associated with inhibition of acetylcholinesterase (AChE) in the nervous system, resulting in acetylcholine accumulation and overstimulation of the muscarinic and nicotinic receptors not only in insects but also in mammals 1) . However, recent published reports have shown that the reproductive system is also a target, even though the effect is not strikingly potent compared with the well-known neurotoxicity [2] [3] [4] . Padungtod et al. and Racio et al. observed an increased frequency of sperm aneuploidy in OP-exposed workers 5, 6) , and Meeker et al. found that OP exposure can be associated with increased sperm DNA fragmentation 7) . Reduced sperm motility with/without reduced serum testosterone levels and increased rates of sperm with morphological abnormalities have also been reported 8, 9) . In animal reproductive toxicity studies, a variety of OPs decrease sperm motility, including dichlorvos (DDVP) 10, 11) , methyl parathion 12) , acephate 13) , malathion 10) and diazinon (DZN) 14, 15) . However, the notion that OPs possess spermatotoxicity has yet to be established.
Many factors are necessary to produce normal sperm motility, not only optimum temperature and pH, but also appropriate levels of reactive oxygen species and adenosine triphosphate (ATP) 16) . Regarding energy production, sperm morphological analysis such as cytoplasmic droplets in the sperm tail where ATP is synthesized, like motility analysis, provides important OP toxicity information. Thus, the effects of OP exposure on ATP synthesis and also sperm morphology in the tail region are of interest. Quantification of cytoplasmic droplets and broken sperm (sperm with shortened tail) is now attainable using computer-assisted semen analysis (CASA) 17) . In the present study, we investigated the toxic effects of exposure to DDVP and DZN (Table 1) , both of which share a common characteristic of phosphorylating OPs, on detailed sperm toxicity markers, i.e., motility, morphology and sperm adenine nucleotides contents, and the histopathology of the testis and epididymis.
Materials and Methods

Chemicals
DDVP (at least 99.0% pure) and DZN (at least 99.4% pure) were purchased from Kanto Chemical Corporation, Japan, and Wako Pure Chemical Industries, Japan, respectively. All other reagents were obtained from Wako.
Animals and treatment
We conformed throughout the experiment to the Japanese law concerning the protection and control of animals and the Guide for Animal Experimentation of the Nagoya University School of Medicine (approval number: 18173). A total of 40 male, 9-wk-old Wistar rats were obtained from Nippon SLC (Hamamatsu, Japan). After a one-week acclimation period, they were randomly divided into 4 groups (n=10 each). The animal room temperature was kept at 23-25°C, and the relative humidity was kept at 57-60%. Food and water were provided ad libitum.
The four groups were orally administered 5 or 10 mg/ kg DDVP (22.6 and 45.3 mmol/kg, respectively) dissolved in corn oil, 3 mg/kg DZN (9.9 mmol/kg) dissolved in corn oil or the vehicle as a control group 6 days per week for 9 wk. The administered doses were determined based on previous studies that reported decreases in sperm motilities 10, 14) . The rats were observed for about 30 min after administration.
On the day following the final administration, the rats were weighed and sacrificed by collecting the blood into heparinized tubes from the abdominal aorta under pentobarbital anesthesia. Epididymides, testes, ventral prostate, seminal vesicles filled with secretions, liver, adrenal glands, kidneys and heart were removed and weighed. Twenty-four-hour urine samples were collected on the day before the final administration. The data are cited from references 18, 19) .
Epididymal sperm count, motility and morphology
The left cauda epididymis was pricked a few times with pointed forceps, and sperm were released into 2 ml of Hanks balanced salt solution at 37°C without phenol red; these specimens were used for analysis of sperm indices. Sperm counts were performed with a diluted suspension infused into a Neubauer-type hemocytometer (Erma, Japan). Sperm motion parameters for at least 200 sperm were measured with a computer-assisted sperm analysis (CASA) system (Hamilton Thorne Sperm Analyzer, HTM-IVOS, Hamilton Thorne Research Co., MA, USA). The measured motion parameters were percentage of motile sperm (sperm motility), percentage of progressive motile sperm, curvilinear velocity (VCL) 22) , average path velocity (VAP) 22) , straight-line velocity (VSL) 22) , amplitude of lateral head displacement (ALH) 22) , beat cross frequency (BCF) 22) , linearity (LIN, ratio of VSL/VCL) 22) and straightness (STR, ratio of VSL/ VAP) 22) . The sperm motility was measured twice, just after sperm sampling (0-min motility) and 60 min after sampling (60-min motility), since a previous report showed that DDVP treatment shortened the duration of sperm motility 10) . In regard to sperm morphological analysis, in addition to automatic measurement of elongation (head shape; ratio of the minor to major axis of sperm head) 23) and sperm head area by the CASA system, the numbers of cytoplasmic droplets (Fig. 1A ) and broken sperm (Fig. 1B) were manually counted among 74-855 sperm on the pictures captured by the system. For head and double-tailed abnormalities, a total of 300 intact sperm were examined with a sperm suspension smear stained by the conventional method 24) . 
Histopathology of the testis and epididymis
ATP, adenosine diphosphate (ADP) and adenosine monophosphate (AMP) concentrations in sperm
Adenine nucleotides, i.e., ATP, ADP and AMP, in rat sperm incubated in Hanks solution for 0 and 60 min after sampling were extracted according to a previouslydescribed method 25) and then measured with reverse-phase high-performance liquid chromatography (HPLC) using a Shimadzu LC10VP series HPLC system (Shimadzu, Kyoto, Japan) equipped with a C18 column (Discovery ® HS C18 column, 25 cm × 4.6 mm, Supelco, PA, USA) maintained at 40°C and an ultraviolet detector (L4250 detector, Hitachi, Tokyo, Japan) set at 254 nm. The mobile phases, run at 0.5 ml/min, were prepared with 50 mM potassium phosphate buffer (buffer A , pH 7.1) and 100 mM potassium phosphate buffer with 50% methanol (buffer B , pH 7.1). After a sample injection, buffer B was linearly increased to 100% for 15 min, which was maintained for 5 min, and then buffer A was linearly increased to 100% for 3 min and run for 10 min. The contents of nucleotides were calibrated per 10 8 sperm.
Activities of erythrocyte and testicular AChE and plasma butyrylcholinesterase (BuChE)
The activities of erythrocyte AChE (eAChE) and plasma BuChE were then measured by a previously described method 20) . Testicular AChE (tAChE) activity, which is found on interstitial cells, Sertoli cells and round spermatids in the testes of adult rats 21) , were measured in supernatants of the homogenates of the testis to which 0.9% saline (10 times the volume of the testis weight) was added.
OP metabolites and 8-hydroxydeoxyguanosine (8-OHdG) in urine
Urinary OP metabolites, i.e., dimethylphosphate (DMP) from DDVP and diethylphosphate (DEP) and diethylthiophosphate (DETP) from DZN, were measured using a gas chromatograph (Agilent 6890N GC)/mass spectrometer (Agilent 5975N MS) equipped with electron ionization (GC/MS-EI, Agilent Technologies, Santa Clara, CA, USA), according to a previously-reported method 22) . The detection limit of the present method was 0.5 µg/l for DMP, DEP and DETP. When their concentrations were under the detection limit, 0.25 µg/l, half the detection limit was applied for statistical analysis. The 8-OHdG levels in urine were measured with an ELISA kit (8-OHdG Check, Japan Institute for the Control of Aging, Shizuoka, Japan).
Plasma testosterone concentrations
Twenty µl of plasma stored at -70°C until analysis was extracted with 2 ml of a hexane-ethyl ether mixture (3:2). The testosterone concentrations of the extraction samples were measured with a testosterone EIA kit (Cayman, Ann Arbor, MI, USA).
Statistical analysis
Two rats of the DZN-treated group were excluded from all statistical analyses based on the result of a Smirnov rejection test of outliers. This exclusion was warranted because the excluded rats, which had excessively poor sperm qualities, might have been the most vulnerable animals. Dunnett's multiple comparisons were performed for data between the DDVP-treated groups and the control following one-way analysis of variance (ANOVA), and the Student's t test was applied to compare the DZNtreated group and the control. When the values were not distributed normally, they were transformed by squareroot or logarithmic conversion. For variables in which a normal distribution was not attainable even after conversion, the Kruskal-Wallis test followed by the Steel's test (for DDVP) or Wilcoxon rank sum test (for DZN) was used to detect differences among the groups. Pearson correlation analysis or linear regression analysis was performed between 1) eAChE and tAChE, 2) sperm motility (0-or 60-min) and eAChE, OP metabolites (DMP, DEP+DETP) or adenine nucleotides and 3) cytoplasmic droplet or broken sperm and eAChE, OP metabolites or adenine nucleotides. A p-value below 0.05 was considered statistically significant. JMP ver. 5 (SAS Institute Inc., Cary, NC, USA) was used to analyze the data.
Results
Animal and organ weights
During the 9-wk administration period, a few rats among the 10 mg/kg DDVP group developed acute signs of light intoxication, e.g., limb tremors following injection, while the remaining rats showed no toxic signs. Body weights and the absolute and relative heart weights were significantly decreased in this group, while the relative weight of the adrenal gland was significantly increased compared with the control group ( Table 2 ). In the DZN group, the absolute weight of the kidneys was increased significantly, while the relative weights of the heart, adrenal gland and seminal vesicles were significantly decreased (Table 2) .
Epididymal sperm count, motility and morphology
The sperm count was not significantly changed in any treated groups compared with the control group. By contrast, sperm motility (% of motile sperm) at 0 min was significantly reduced in all treatment groups, while there was no significant difference in 60-min motility in any treated group compared with the control group, possibly due to the wider standard deviation in the control group (Table 2) . No relationship was observed between intensity of systemic symptoms and decreased sperm motility. As for sperm morphology, there were significantly increased percentages of broken sperm in the 10 mg/kg DDVP and DZN groups and of cytoplasmic droplets in the 10 mg/kg DDVP group (Table 2) . Conventional morphological evaluation revealed one double-tailed sperm in only one rat treated with 5 mg/kg DDVP. The other sperm motion and morphology parameters automatically measured by the CASA system were not significantly changed in any of the treatment groups (data not shown).
Histopathological evaluation of the testis and caput epididymis
Testicular histopathological findings revealed that the frequency of abnormality in all three categorized stages (I-VI, VII-VIII, and IX-XIV) did not differ between the control and treated groups (data not shown). However, in the caput epididymides, the vacuolation in the cytoplasm associated with nuclear shrinkage in the epithelial cells of the ductus epididymis (Fig. 2) was significantly increased in both 10 mg/kg DDVP group and DZN group, in which the mean ± SD (median) scores were 3.6 ± 1.2 (3.7) and 2.9 ± 1.4 (3.3), respectively, compared with the control group [1.7 ± 0.9 (1.2)].
Adenine nucleotide concentrations in sperm
A significantly decreased ratio of ATP to ADP concentration [ATP concentration divided by ADP concentration (ATP/ADP)] was observed at 60 min (ATP/ ADP60) in the 10 mg/kg DDVP group, while no other significant changes were observed at either time point in DDVP-or DZN-treated rats (Fig. 3) .
Activities of eAChE, tAChE and plasma BuChE
The activities of eAChE, tAChE and BuChE are shown in Table 3 . Although eAChE decreased in both DDVPtreated groups, tAChE and BuChE were significantly decreased in only the 10 mg/kg DDVP group. Exposure to DZN caused significant inhibition of these three cholinesterase activities. Significant correlations were observed between eAChE and tAChE in the DDVP and control groups (r=0.41, p=0.03) as well as in the DZN and control groups (r=0.57, p=0.01). Table 3 shows that the urinary DMP concentrations were significantly increased dose-dependently in the DDVP-treated groups and that the urinary DEP and DETP concentrations were significantly increased in the DZNtreated group. Urinary 8-OHdG analysis detected no significant change in any treated group (control, 19.1 ± 8.6 ng/mg creatinine; DDVP 5 mg/kg, 19.9 ± 5.4 ng/mg creatinine; DDVP10 mg/kg, 20.6 ± 17.5 ng/mg creatinine; DZN, 17.8 ± 11.5 ng/mg creatinine).
OP metabolites and 8-OHdG in urine
Plasma testosterone
The testosterone concentrations in plasma were not significantly different from the control in any of the DDVP-or DZN-treated groups (Table 2) .
Relationships between sperm motility and eAChE, OP metabolites or adenine nucleotides
Sperm motilities at 0 min tended to be correlated and significantly correlated with eAChE in the DDVP and control groups (p=0.06) and the DZN and control groups (r=0.68, p=0.02), respectively. There was significant regression of 0-min motility in the DZN and control groups on the urinary OP metabolites, DEP+DETP (r 2 =0.47, p<0.01), but no such significant regression was observed in the DDVP and control groups. No significant regressions were observed between 0-or 60-min motility and adenine nucleotides except for that between 0-min motility and AMP in the DDVP and control groups (Table  4) .
Relationships between new morphological marker candidates and eAChE, OP metabolites or adenine nucleotides
Cytoplasmic droplets and broken sperm displayed significantly negative correlations with eAChE activity both in the DDVP and control groups (r=-0.45, p=0.01, for cytoplasmic droplet and r=-0.45, p=0.02, for broken sperm) and the DZN and control groups (r=-0.52, p=0.03, for cytoplasmic droplet and r=-0.51, p=0.03, for broken sperm) (Table 4 ). There was significant regression of broken sperm on the urinary OP metabolites in the DZN and control groups (r 2 =0.41, p<0.01), but not in the DDVP and control groups (p=0.07). Interestingly, the incidence of broken sperm was significantly correlated with ATP/ ADP60 in both groups (r=-0.62, p<0.001, for DDVP and r=-0.49, p=0.04, for DZN; Table 4 ). 
Discussion
The present study shows that DDVP and DZN significantly increased the percentages of broken sperm in addition to decreasing sperm motility and that only DDVP increased the percentage of cytoplasmic droplets. These morphological abnormalities were significantly correlated with eAChE inhibition and might be caused by the impaired function of the caput epididymis as suggested by the histopathological alterations in the epithelial cells of the ductus epididymis. In addition, the OPs in the present experiment did not increase the incidence of double-tailed sperm as reported in DDVPtreated mice 27) or of sperm with head shape abnormality as reported in DZN-treated mice 15) . Moreover, they did not influence sperm counts, plasma testosterone concentrations, testicular histopathology or reproductive organ weights, except for the relative weight of the seminal vesicles in the DZN-treated rats. Therefore, broken sperm and cytoplasmic droplets as well as reduced sperm motility proved to be more relevant biomarkers in the present rat model for DDVP and DZN than other CASA parameters and the testicular toxicological endpoints including conventional sperm morphological evaluations.
The biochemical change that occurred under the rising percentages of immotile and broken sperm induced by the two OPs is of interest. ATP is most efficiently produced aerobically in mitochondria located in the sperm midpiece and is also produced through the glycolytic pathway biochemically in the principal piece 28, 29) . The hypothesis that ATP synthesis or energy pooling is disturbed by the presence of phosphorylating OPs should be examined further in future studies since there were conflicting data in the present study; the percentage of broken sperm was negatively correlated with ATP/ADP60 in both the DDVP and the DZN groups, whereas ATP/ ADP60 was reduced only in the 10 mg/kg DDVP group. Similarly, a significantly negative correlation between the increased appearance of cytoplasmic droplets and AMP in the DDVP group leaves a question for future studies about the energy status of the cytoplasmic droplets. Cytoplasmic droplets are the remnants of germ cell cytoplasm, most of which is phagocytized by Sertoli cells, but some remain adhering to the neck region of the elongating spermatid when it is shed as a testicular spermatozoon at spermiation during normal spermatogenesis 30) . There are some reports indicating that the presence of excess residual cytoplasm on spermatozoa is associated with poor sperm function 31, 32) . Previously, another OP, malathion, has also been shown to impair the duration of sperm motility and to induce cytoplasmic droplets as well as DDVP in male rats 10) . The appearance of broken sperm and cytoplasmic droplets might indicate an impaired maturation process in spermatozoa, which might be recoverable after cessation of exposure, because histopathological alterations were not observed in the testis but were observed in the epithelial cells of the ductus epididymis, in which lipid accumulation or autophagic cell death might have occurred. Generally speaking, spermatozoa grow to maturity, passing through the epididymis, i.e., development of motility, changes in acrosome, induction of chromatin condensation and migration of cytoplasmic droplets 33) . Testicular histopathological changes do not correlate with sperm tail abnormalities in bulls 33) , and most tail abnormalities are induced during epididymal transit of spermatozoa in the boar and hamster 35, 36) . Finally, we need to address the relevance of the results in the present study to risk assessments of actual human exposure to OPs. First, our investigation showed that broken sperm and cytoplasmic droplets as well as reduced sperm motility were observed under the conditions in which eAChE was at about half of the control level. This kind of a high-dose exposure can still be seen today in developing countries 37) , while the urinary metabolite level detected in the present study was about 1,000 times higher than that detected in well-controlled pesticide sprayers 38) . Second, the present study showed no significant changes in rat urinary 8-OHdG levels after OP administration. In this regard, Lee et al. showed that urinary 8-OHdG levels are significantly higher in OP-exposed workers than in controls and observed a significant correlation between urinary 8-OHdG and OP metabolites 38) . This suggests that exposurerelated confounding factors as well as pesticide exposure other than to DDVP and DZN must be considered when assessing urinary 8-OHdG in humans. Third, occurrence of the morphologically abnormal sperm may increase more under co-exposure to DDVP and DZN, which is the case frequently observed in pest-control operations. Therefore, future studies will be needed to clarify the combined effects of co-exposure to OPs.
In summary, the present study revealed that broken sperm and cytoplasmic droplets were the relevant spermatotoxicity markers of DDVP and DZN as well as reduced sperm motility. The present study also suggests for the first time that the observed deterioration of the sperm markers is related to impaired function of the caput epididymides.
